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Introduction
The forebrain (or prosencephalon) is the rostral-most portion of the developing vertebrate brain, from which the majority of the brain regions involved in sensory integration and the control of higher intellectual and homeostatic functions arise. The prosencephalon begins to form at early gastrulation stages from the anterior neural plate (ANP) and is composed by four main morphologically distinguishable structures: the telencephalon, the hypothalamus, the retinal field and the diencephalon. The patterning and morphogenesis of the ANP is controlled -as in other embryonic structures -by the concerted action of signalling molecules, secreted from specific group of cells known as ''organizing centers''. These molecules, which include members of the FGF, TGFb, Hh and Wnt families, activate specific intracellular cascades that ultimately regulate the transcription of target genes, thus instructing the surrounding tissues to adopt a specific fate and conferring positional information to cells along the main embryonic axes (Monuki, 2007; Rhinn et al., 2006; Wilson and Houart, 2004) . This information is then translated into specific developmental programs by precise networks of transcription factors (TFs), which progressively specify each one of the prosencephalic domains. Morphogenetic signalling pathways and transcriptional networks are thus functionally linked and form different sets of gene regulatory networks (GRNs) that are, in turn, interconnected to orchestrate the various steps of forebrain development.
In the last decades most of the regulators of vertebrate forebrain patterning have been identified and their hierarchical relationship is currently being assembled in the attempt of defining specific GRNs and their operational logic. Here, we summarize the main morphogenetic pathways and TFs involved in forebrain specification, combining information obtained in different species. We also delineate the backbone of a possible GRN governing forebrain specification, using the basic principles of GRN assembly, as elaborated by pioneer studies in simpler organisms, such as yeast, Caenorhabditis elegans and sea urchin (Deplancke et al., 2006; Peter and Davidson, 2009; Wagner, 2000) .
The forebrain has undergone a striking morphological and functional diversification during vertebrate evolution (Charvet et al., 2011; Finlay et al., 2001) , raising the question of how the underlying GRNs have been adapted to generate the increasing complexity of the forebrain. We will end by discussing these mechanisms and how they have contributed to our understanding of forebrain evolution.
2.
From ANP induction to early forebrain patterning: a cooperative effort of Wnt, BMP, Fgf and Shh signalling
The formation of the ANP and its patterning into different forebrain territories is tightly associated to the events that lead ectodermal cells to acquire neural identity (neural induction) at early stages of gastrulation. Although there are important species-specific differences (see Munoz-Sanjuan and Brivanlou (2002) and Stern (2005) for a detailed review), in all vertebrates neural induction requires the coordinated activation of the FGF signalling cascade and the inhibition of the BMP signalling pathway. FGF ligands are expressed by cells of the endodermal layer beneath the future neuroectoderm and by the gastrula organizer (known as shield in fish, blastopore in Xenopus and node in avian and mammals). Fgf signalling induces the expression of early neural markers, thereby promoting a pre-neural state. The initiation/maintenance of neural gene expression is further assured by the presence of different BMP antagonists (Chordin, Noggin, Activin, Norrin) secreted by the gastrula organizer, which counteract BMP signalling arising from the non-neural ectoderm. Wnt signalling is an additional key determinant of neural induction but its activity needs a fine spatial and temporal control. Initially, activation of b-catenin-mediated Wnt signalling contributes to the induction of the gastrula organizer and, together with Fgf, promotes a pre-neural vs ectodermal fate. Soon after however, the developing neural ectoderm needs to be protected from Wnt activity by the presence of antagonists (Dickkopf and Secreted Frizzled Related Proteins, Sfrp) secreted by the gastrula organizer. This is because at this stage Wnt and Bmp cooperate to promote the specification of the non-neural ectoderm (Heeg-Truesdell and LaBonne, 2006; Leyns et al., 1997; Linker and Stern, 2004; Londin et al., 2005; Marchal et al., 2009; Rogers et al., 2011; Verani et al., 2007) .
During induction, the neural ectoderm also acquires differential anterior to posterior characters: Fgf signalling and BMP/Wnt inhibition instruct the induced neural tissue to adopt an anterior fate (Fig. 1A ) (Gamse and Sive, 2000; Houart et al., 1998 Houart et al., , 2002 Paek et al., 2009 ). There are several morphogenetic events that ensure the distribution of the appropriate signalling repertoire to the ANP. These include the progressive posterior displacement of the organizer that gradually becomes a source of caudalizing signals (Gamse and Sive, 2000) , and the rostral migration of the mesoderm below the neural ectoderm. The anterior portion of this involuting axial mesoderm (the precordal plate) and the anterior definitive endoderm become sources of ANP instructing factors. These rearrangements thus establish gradients of Fgf, Wnt, BMP and Shh activities along the antero-posterior and medio-lateral axes of the ANP, which confer positional information to neural progenitors (see Kiecker and Lumsden (2012) and Wilson and Houart (2004) for specific reviews). Indeed, fate map studies in different species have shown that the prosencephalon anlage is subdivided into its major domains already at mid-late gastrulation (Fig. 1A) . The definition of these domains progressively generates molecular boundaries, likely as a result of reciprocal inhibitory regulations among key selector genes. These boundaries originate additional organizing centers, which further contribute to the progressive specification of the forebrain (Cavodeassi and Houart, 2012) .
One of such centers is the Anterior Neural Border (ANB): a small group of cells at the anterior tip of the neural plate that acts as a source of Fgf ligands and Wnt inhibitors. ANBderived Wnt inhibitors of the Sfrp family are essentials for the specification of the most anterior domain of the ANP, the telencephalic anlage (Houart et al., 1998) , whereas opposing gradients of Fgf8/Fgf3 (from the ANB) and of Shh (from the prechordal plate) respectively specify the telencephalic and hypothalamic domains (Gunhaga et al., 2000; Walshe and Mason, 2003) . The latter, which occupies a medial position in the ANP, receives additional information from the prechordal plate. This information is mediated by Nodal, a member of the TGFb superfamily of signalling molecules (Mathieu et al., 2002) . The specification of the most posterior forebrain domain, the diencephalon, occurs instead in response to high Wnt signalling activated, among others, by Wnt1, Wnt3, Wnt8 and Wnt11 (Mattes et al., 2012; Peukert et al., 2011; Quinlan et al., 2009) . How the retinal field, positioned between the telencephalon and the diencephalon, is patterned is less clear but the mutual regulation between canonical and noncanonical Wnt signalling, possibly modulated by Sfrp1, contributes to define retinal from telencephalic and diencephalic progenitors, promoting optic vesicle evagination (Cavodeassi et al., 2005; Esteve and Bovolenta, 2006; Esteve et al., 2004; Lopez-Rios et al., 2008) .
As the different forebrain territories acquire their final position in the neural tube, additional organizing centers form (Fig. 1B) . The evolutionary acquisition of two of these centers, the zona limitans intrathalamica (ZLI) and a restricted Shh-expression domain in the hypothalamus, are thought to have markedly contributed to vertebrate forebrain evolution. The ZLI, a transversal strip of cells located between the prethalamic and thalamic domains in the diencephalon, generates a Shh gradient essential for diencephalic patterning and the separation of telencephalic and diencephalic progenitors, in part by regulating Fgf expression. Hypothalamicderived Shh instead contributes to the specification of this region as well as to the dorso-ventral patterning of the telencephalon (Kiecker and Lumsden, 2012) .
3.
Transcription factor classes and operational mechanisms in forebrain specification
The signalling information described above ultimately serves to coordinate the activation of specific combinations of TFs that define molecularly distinct domains within the ANP. The existence of molecular differences, often coinciding with morphological subdivisions of the neural tube, have been instrumental to define the ''prosomeric model'', which postulates that these morphological and molecular subdivisions define evolutionary related functional subunits (Puelles and Rubenstein, 2003) . According to the model, the prosencephalon is composed of four transversal domains or prosomeres. From caudal to rostral, the pretectum, thalamus and prethalamus, that collectively form the diencephalon, occupy prosomeres p1-3, whereas the secondary prosencephalon includes the telencephalic, retinal and hypothalamic domains (Fig. 1C ) (Puelles and Rubenstein, 2003) .
The TFs implicated in specification of the different prosomeres, summarized in Table 1 , can be classified on the basis of their expression pattern, ranging from genes expressed in the entire neuroectoderm or restricted to the ANP, to genes expressed only in specific domains (Sanchez-Arrones et al., 2009) . Although broadly expressed genes become often constrained to discrete sub-domains as development proceeds, the extent of their expression reflects their hierarchical role and thus their genetic inactivation has a differential impact on forebrain development (Table 1) . For instance, TFs belonging to the SoxB1 subfamily are fundamental for the development of the entire neural plate (Okuda et al., 2006) and only the combined knock-down of Sox2, Sox3 and Sox19 severely impairs forebrain development in zebrafish (Okuda et al., 2010) , whereas knock-down of Sox2 alone mostly impacts on the secondary prosencephalon . Similarly, inactivation of Six3 or Otx2, which are broadly expressed in the ANP, leads to a complete loss of anterior brain structures (Acampora et al., 1995; Lagutin et al., 2003) . In contrast, inactivation of TFs with a regional restricted expression such as Emx1/2, Rx, Nkx2.1 or Tcf4, affect predominantly the specification of the domain in which they are expressed -telencephalon, eye, hypothalamus and diencephalon, respectivelywith little impact on other forebrain structures (Brinkmeier et al., 2007; Brockschmidt et al., 2011; Loosli et al., 2003; Mathers et al., 1997; Shinozaki et al., 2004; Sussel et al., 1999) .
The question of how broadly expressed genes can differentially contribute to the specification of the different territories remains largely unanswered but there are hints to unravel the problem. The characterization of regulatory regions governing the expression of Sox2, Otx2, Pax6 or Six3, all broadly expressed in the forebrain, indicates that their activity is regionally and temporally controlled with fine precision Conte and Bovolenta, 2007; Kurokawa et al., 2004; Morgan, 2004; Uchikawa et al., 2003) . Therefore, at any given time, a specific forebrain domain may be under the control of a unique combination of TFs, which could provide a differential competence to respond to additional regulators. This is well exemplified by the observation that the combined over-expression of a cocktail of TFs including pax6, tbx3, rx1, nr2e1, six3, and six6 can induce the formation of eye-like structures in Xenopus embryos but only within the Otx2 positive domain, arguing that this gene confers the necessary competence for the onset of eye development (Zuber et al., 2003) . In agreement with these results, inclusion of Otx2 in the TF cocktail confers pluripotent embryonic stem cells with the ability of forming eyes even in the trunk of the embryos (Viczian et al., 2009) . Similarly, there is evidence that Six3, Irx3 and Otx2 modulate the competence of different forebrain territories to respond to Fgf and Shh signalling (Kobayashi et al., 2002) . The specialization of TF activity in a given forebrain domain relies also on the interaction with other transcriptional regulators. Otx2, Six3 or Six6, for example, act as transcriptional repressors upon binding members of the Groucho family but activate transcription in other contexts (Conte et al., 2010b; Heimbucher et al., 2007; Kelley et al., 2000; Kobayashi et al., 2001; Larder et al., 2011; Liu et al., 2006; Lopez-Rios et al., 2003; Yusuf et al., 2012; Zhu et al., 2002) .
Another important element of diversification is the level of gene expression, although the information on how this impacts on forebrain patterning is still limited. It is widely accepted that cells respond differently to the levels and duration of their exposure to a morphogen. Shh signalling during neural tube patterning is a paradigmatic example. Indeed, both time and concentration appear to set the dynamics of the GRNs that finally determine different cell identities (Ribes and Briscoe, 2009 ). Broadly expressed TFs may operate in a similar manner triggering specific GRNs 
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Scholpp et al. (2007) and Rodriguez-Seguel et al. (2009) depending on their concentration and their operational time. Indeed, heterozygous loss-of-function mutations of the human SOX2 or OTX2 genes can cause independent eye or hypothalamic defects (Dateki et al., 2010; Ragge et al., 2005a,b; Tziaferi et al., 2008) without affecting other forebrain regions, supporting a differential sensitivity of forebrain territories to gene dosage. Hypomorphic alleles or heterozygous mutations of Pax6 have highlighted a similar differential sensitivity of eye tissues to dosage, showing that lens vesicle development requires higher Pax6 levels than the optic vesicle (Davis-Silberman et al., 2005; Favor et al., 2008) . Differential Pax6 levels have been also reported to control the balance between neural stem cell self-renewal and neurogenesis in the cortex (Sansom et al., 2009 ). The use of morpholinos to knock-down gene function has proven to be particularly useful to explore the above problem because injections of different morpholino concentrations allow to progressively titrate TFs activity. This has been applied to different species, especially to teleost fishes. In teleosts, the presence of paralogs resulting from genome duplication has further aided this analysis because the duplicated genes often underwent sub-functionalization (Postlethwait et al., 2004) . A clear example relates to the medaka Six3 paralogs, Six3.1 and Six3.2. Graded interference with Six3.1 function revealed its prominent role in eye formation, with a greater sensitivity of proximal vs distal structures but only a marginal effect on telencephalic development (Carl et al., 2002; Loosli et al., 1999; Lopez-Rios et al., 2003) . In contrast, Six3.2 is prominently involved in telencephalic and hypothalamic formation, but has less influence on the retina . A similar graded requirement has been observed for the Sox2 gene, which together with Six3.1 and Six3.2 differentially specify the retinal, hypothalamic and telencephalic territories by directly regulating the expression of Rx3, Nkx2.1 and Foxg1 Ferri et al. , submitted for publication).
There are several mechanisms that contribute to determine gene expression levels. miRNA and natural antisense transcripts are emerging as powerful elements in many contexts and there are already several examples for forebrain specific genes, including Six3, Pax6 and Meis (Alfano et al., 2005; Conte et al., 2010a; Huang et al., 2008) . Activation of cis-regulatory modules by concentration gradients of TFs might also depend upon the use of high-and low-affinity DNA binding sites, where only high TF concentrations can activate the low affinity sites (Bonn and Furlong, 2008; Papatsenko and Levine, 2005) .
4.
The properties of gene regulatory networks and their application to forebrain specification As described above, morphogenetic signalling pathways and TFs are functionally linked in complex and constantly evolving GRNs that drive progressive forebrain specification. However, the specification of forebrain progenitors is tightly linked to their proliferation and dynamic reorganization, each one requiring specific but interconnected GRNs. Therefore, understanding how GRNs operate and relate one another represents a major challenge. Work in bacteria and yeast has set the ground to unravel their structure (Eichenberger et al., 2004; Lee et al., 2002) but in metazoans there is still a limited number of well-characterized examples mostly coming from pioneer studies in sea urchin, Caenorabditis and Drosophila. Most of the GRNs elaborated for vertebrate developmental processes are instead still provisional (Stathopoulos and Levine, 2005) . This is also the case of the forebrain, for which most of the key regulators have been identified, but their assembly is still lagging behind. In part, this is due to the fact that there are still methodological difficulties to identify the entire spectrum of target genes for each TF, as well as its upstream regulators. Recent advances in high-throughput techniques like ChIP-Seq and RNA-Seq are helping to overcome these problems and bioinformatic predictions are efficiently pinpointing to putative TF targets that can be thereafter validated. For example, a recent study has identified the presence of duplicated OTX binding sites within the cis-regulatory regions of genes expressed in anterior nervous system of the ascidian Ciona intestinalis, proposing that the presence of this cis-regulatory signature is predictive of enhancer activity in the anterior neurectoderm (Haeussler et al., 2010) . Notably, OTX binding sites are also over-represented in forebrain enhancers in the mouse genome and they may aid the assembly of the corresponding GRN (Pennacchio et al., 2006) .
As mentioned above, work in protozoa and invertebrate has defined the basic structure of GRNs ( Fig. 2A) . These are typically composed of multiple nodes each one representing a TF connected by edges, which indicate activating or repressing regulatory relationships. The number of edges actually found in protozoa and metazoa GRNs is much smaller than that predicted for an artificial network of the same size, likely reflecting that during evolution only useful functional interactions have been maintained. In general, GRNs are composed of a small number of central nodes, called hubs, which regulate the many other components of the network and which are, in turn, regulated by a relatively low number of genes. Forebrain specification genes belonging to the hub category are for example Sox2, Otx2, Six3 and Pax6. Other nodes act as 'fine tuners' with less in-coming and out-going edges, thus regulating fewer targets, as for example Six6, Emx1/2, Vax1/2, Rx in the forebrain. Finally, effector genes directly control cell behavior and impinge upon only few or no target genes but instead can be connected with a variable number of incoming edges, reflecting the combinatorial effects of nodes on target's regulation. p27kip, Nl-CAM and cyclins are, among others, examples of identified effector genes in the forebrain (Brown et al., 2010; Gestri et al., 2005; Li et al., 2002) .
Because embryonic development is a dynamic and continuous process, GRNs are hierarchically structured in top, core and bottom layers (Fig. 2A) . The core layer contains the highest number of nodes and hubs, centralizing the regulation of almost all targets. Nodes in each layer are highly interconnected, whereas layers are connected only by a relatively low number of edges, forming a central ''pathway'' that assures the progression of the network from the most upstream regulators to the final effectors. Genes operating at earlier stages have been defined as ''kernel'' because of their strong impact over the entire network, whereas the bottom layer Circles represent the Nodes and activator or inhibitory edges are depicted as black and red arrows, respectively. Note that kernel and hub genes (blue circles) are preferentially located in the first two layers whereas terminal effectors genes constitute the bottom layer. The core layer contains also the majority of the network nodes. Fine-tuner genes are represented with green circles. An example of a regulatory motif consisting of a double positive feedback loop is highlighted with a red elliptic line. Groups of interconnected nodes fulfilling a specific function constitute a module (gray rectangles). (B) Schematic representation of a GRN controlling eye development. The network coordinates specific developmental programs in neural, ectodermal and mesenchymal tissues. Exchange of information among tissues is assured by morphogens -produced by the retina, periocular mesenchyme and lens -which instruct gene expression in other tissues. (C) Schematic representation of the GRN controlling forebrain progenitor specification, proliferation and migration. The GRN exemplifies the role that hub and kernel -represented by the Six3 and the Wnt PCP pathway -exert in the coordination of these processes. contains terminal selector genes important to define cell identity ( Fig. 2A) . Each GRN is further organized in modules, consisting of the assembly of multigenic subcircuits, each one performing a distinct regulatory function during development. For example, the eye regulatory network constitutes a module of the larger transcriptional network governing forebrain specification but can be subdivided into independent modules controlling the specification of the retina, pigmented epithelium and optic stalk. The coordination among these modules is facilitated by inductive signals. Indeed, signalling molecules emanating from the lens ectoderm and the periocular mesenchyme directs optic vesicle regionalization and, conversely, inductive signals from the retinal domains feedforward on lens development (Fig. 2B ) (Fuhrmann, 2010; Graw, 2010) . Notably, GRNs contain a small set of recurring regulation patterns, called network motifs, that are normally evolutionary conserved and serve as basic building blocks (Alon, 2007; Davidson, 2010) . Frequently, efficient regulatory relationships between nodes are repeatedly used at different steps of development. An example of an evolutionary conserved building block is the cascade involving Wnt/b catenin signalling, Otx, Pax and Mitf genes in the specification of retinal pigmented cells, a large part of which also operates in the specification of melanocytes (Martinez-Morales et al., 2004) . Repetitively used regulation are instead represented by the Otx2/Crx pair, which operates in both photoreceptor differentiation and pineal gland development (Nishida et al., 2003) or by Shhmediated control of Six3 expression, critical for both telencephalic and diencephalic specification (Geng et al., 2008; Sanek et al., 2009 ). Furthermore, key hub genes simultaneously act in two or more modules governing different processes. Six3 well exemplifies this concept because, as we have mentioned before, this gene simultaneously controls ANP specification and proliferation (Fig. 2C ).
Anterior Neural Plate
Using the principles described above and integrating the information available in the literature, we have assembled, with the aid of the bioTapestry software (http://sugp.caltech.edu/endomes/webStart/bioTapestry.jnlp), the backbone of the GRN that patterns the forebrain (Fig. 3 and Supplementary File 1). The network is still fragmentary and probably difficult to apply to all vertebrates because, although hubs and kernel are grossly conserved during evolution, there are variations in the connectivity of the different nodes. This variability, which on the other hand might be at the basis of forebrain evolution, is in part due to functional redundancy among some TFs, to species-specific expression patterns, to the level of plasticity of the network and to the relative low level of conservation of cis-regulatory sequences among distant vertebrate lineages.
The GRN takes as a starting point early neural induction from which ANP specification evolves. As shown in Fig. 3 , Sox3, Otx2, Ern1, Churchill and FoxD4/5 are among the first TFs to be expressed within the epiblast (Albazerchi and Stern, 2007; Neilson et al., 2012; Sheng et al., 2003; Streit et al., 2000; Yan et al., 2009 ). These genes, in combination with downstream effectors of the Wnt signalling pathway commit the ectoderm to a pre-neural state by inhibiting the expression of BMP4 and other ectodermal genes and by activating the neural determinants Sox2 and Sip1. Besides these interactions, already mentioned in the preceding sections, acquisition of neural anterior character is linked to the onset of Cyp26, a retinoic acid degrading enzyme that protects the ANP anlage from the caudalizing activity of retinoic acid, and the down-regulation of Otx2 from the epiblast and hypoblast and its restriction to the future anterior neuroectoderm. In the ANP SoxB1 genes regulate the expression of different forebrain determinants that besides Six3 and Otx2, include Hesx/Anf in the presumptive telencephalon and Rx genes in the eye field and presumptive hypothalamus Martinez-Barbera et al., 2000; Okuda et al., 2010) . Notably, Hex1 and Rx expression are also positively regulated by Otx2 (Danno et al., 2008; Rhinn et al., 1999; Spieler et al., 2004) .
As previously stated, Six3 has a particularly important role in forebrain specification: it defines the boundary between neural and non-neural ectoderm through repression of Bmp4 (Gestri et al., 2005; Sanchez-Arrones et al., 2012) . The boundary is further sharpened by a converse regulation, in which Lmo4, a downstream effector of BMP signalling, represses Six3 (McCollum et al., 2007) . Six3 further promotes telencephalic development by repressing Wnt1 and activating, together with Shh signalling, Foxg1 expression (Carlin et al., 2012; Lagutin et al., 2003) . Foxg1, in turn, antagonizes Wnt signalling by directly repressing Wnt8b expression (Carlin et al., 2012; Danesin et al., 2009) , whereas the Wnt signalling effector Tcf3 reinforces this interaction by antagonizing Six3 and canonical Wnt signalling (our unpublished data; (Lagutin et al., 2003) . Furthermore, Six3 together with Sox2 regulates Rx and Nkx2.1 in the ventral forebrain (Carlin et al., 2012; Kobayashi et al., 2002) .
As shown by the network flow ( Fig. 3 and Supplementary  File 1) , genes broadly expressed in the ANP undergo reciprocal regulation that progressively restrict and refine their expression, defining the different forebrain territories. For example, Otx2 is downregulated by Hesx1 in the anterior-most forebrain (Ermakova et al., 2007) , whereas Hesx1 expression is progressively confined to the telencephalon by the direct repression exerted by Pax6, Vent2 and FoxA4 (Ermakova et al., 1999; Martynova et al., 2004; Spieler et al., 2004) . Other important regulatory relationships are the repression of Foxg1 by Rx3, which delimit the telencephalic vs optic domains, and the mutual repression of Fezf and Irx genes, which contribute to the positioning of the future ZLI in the diencephalon (Rodriguez-Seguel et al., 2009; Scholpp et al., 2007) . The combined activity of different TFs are also crucial for domain specification; for example Lhx2 and Pax6 drive the expression of Six6 in the eye (Tetreault et al., 2009 ).
Understanding forebrain evolution through GRNs
The forebrain has undergone a considerable morphological evolution but studies in different species have established that the basic molecular toolkit of forebrain specification was present well before vertebrate appearance. Furthermore, homologs of key forebrain genes, such as Six3 or Otx2, have been traced prior to the origins of bilaterians (Muller et al., 1999; Ryan et al., 2006; Stierwald et al., 2004) . These observations have prompted to search the mechanisms through which ''primitive'' GRNs have been adapted to respond to the demand of an increasing complexity of forebrain structures.
As for the evolution of other body structures, several types of molecular changes seem to have contributed to this adaptation. These include changes in the copy number of a particular gene or a gene cluster and even whole genome duplications. Indeed, duplication-divergence processes are at the basis of the expansion of repertoires of TF families through metazoan evolution and have significantly contributed to GRN growth (Teichmann and Babu, 2004) and to the acquisition of lineage-specific regulatory circuits (reviewed in Nowick and Stubbs (2010) ). However, although gene duplication and divergence has been generally associated with increasing structural complexity in metazoan (Nowick and Stubbs, 2010) a direct relationship between the appearance of new TF paralogs and forebrain structure evolution is still lacking. Furthermore, recent studies have argued that gene duplication and diversification is a too long lasting process to explain the extraordinary diversification of metazoan body plan. They postulate instead that the deuterostomes ancestors could have had a complex morphology controlled by a full set of regulators that quickly diverged because of a massive gene loss and the rewiring of regulatory relationships (De Robertis, 2008) . Although the nature of the deuterostome ancestor still remains controversial (Erwin and Davidson, 2002; Hejnol and Martindale, 2008) , there are increasing evidences for an important role of gene loss in metazoan evolution (Danchin et al., 2006; Zmasek and Godzik, 2011) . For example, loss of Wnt family genes, already present in cnidarians, could in part explain the evolution of the protostome body plan (Miller et al., 2005) and Hox gene loss could have played an important role in the diversification of vertebrates (Ruddle et al., 1994) . Similarly, in the ancestral adenohypophysis-like organ of deuterostomes, loss of the Ndx, Msxlx and Nkx7 genes has been related to a change in direction -from external to internal -of peptide hormones secretion (Butts et al., 2010) .
Mutations in trans, affecting the functionality of a TF, or in cis, affecting regulatory sequences, have also contributed to body and brain evolution. Mutations in trans have a stronger impact as they basically impinge upon all the transcriptional targets of the affected TF. Indeed, these changes have been correlated with the acquisition of evolutionary novelties (Hsia and McGinnis, 2003; Wagner and Lynch, 2008) and there is evidence for coordinated genome-wide modifications of TF recognition sequence during vertebrate evolution (Dermitzakis and Clark, 2002; Yokoyama et al., 2010) . Nevertheless, it is worth considering that mutations in hubs or kernels would dramatically impact on the development of embryonic structures and are thus under high selective pressure. For this reason, TFs belonging to the core or top layers of GRN are generally highly conserved through evolution or there is functional equivalency even between distantly related lineages (Lopez-Rios et al., 2003; Lunardi and Vignali, 2006) . In contrast, computational and experimental evidences indicates that cisregulatory changes are likely to be the major source of evolutionary variability (Quayle and Bullock, 2006; Romero et al., 2012) and, accordingly, the increasing complexity of metazoan genome is mainly correlated with expansion of noncoding regions (Taft et al., 2007) . Comparative analysis of the regulatory code of key forebrain determinants is in fact helping to define forebrain evolution because conserved elements allow tracing back the origin of forebrain structures whereas absence or divergence in expression complexity among lineages helps to follow evolutionary changes. Pax6 expression in Saccoglossus, Ciona and Amphioxus provides a paradigm for these differences (Glardon et al., 1998; Irvine et al., 2008; Lowe et al., 2003) (Fig. 4) .
Understanding how changes in gene regulation drove the evolution of forebrain structures is however a slow process hampered, among others, by the difficulties in establishing a precise phylogenetic relationship among some deuterostomes lineages. Indeed, recent phylogenetic studies have suggested that urochordates (i.e. C. intestinalis) and not cephalochordates (i.e. Amphioxus) is the lineage most closely related to vertebrates (Delsuc et al., 2006 (Delsuc et al., , 2008 . Notwithstanding, important advances have been obtained with the study of the hemichordate Saccoglossus (Lowe et al., 2003; Pani et al., 2012) . Indeed, expression analysis revealed that the Saccoglossus central nervous system, despite its diffusion, has a tripartite organization (Lowe et al., 2003) . Although these subdivisions, named prosome, mesosome and metasome, bind no direct relationship with vertebrate CNS subdivisions, the prosome expresses the homologs of the anterior forebrain markers Six3, Rx3, Foxg1 and Nkx2.1 and shares with the mesome the expression of Pax6 and Otx2, suggesting a putative mixed forebrain-midbrain identity. The metasome instead expresses Gbx2 and Hox genes, considered as markers of the hindbrain and spinal cord in vertebrates (Lowe et al., 2003) . Notably, no specific mesencephalic markers (i.e. Dmbx1) have been so far identified in this species. Similarly, the Amphioxus CNS, that has a neural tube-like structure, has no proper distinction between forebrain and midbrain (Takahashi and Holland, 2004) , but presents restricted expression of anterior markers as Foxg1, Fezf and Six3 (Kozmik et al., 2007; Toresson et al., 1998) . However, domains resembling vertebrate diencephalon and mesencephalon have been proposed within the Amphioxus cerebral vesicle (Mazet and Shimeld, 2002) . This indicates that a presumptive forebrain identity was not yet fully defined in hemi-and cephalochordates. This definition is likely related to the appearance of a mesencephalic subdivision in tunicates, marked by the onset of Pax2 and Engrailed expression, which also defines the mid-hindbrain boundary (Takahashi, 2005; Takahashi and Holland, 2004) . Similarly, a properly defined telencephalic domain seems to have appeared in the lamprey (agnatha Petromyzon marinus) (Delsuc et al., 2006) .
In conclusion, hubs or kernels included in Fig. 3 have greatly contributed to the development of the forebrain and changes in their distribution might have been at the basis of prosencephalic evolution. Furthermore, changes in the expression pattern of signalling molecules, such as Fgf, Shh and Wnt ligands, have progressively led to the evolution of the brain structures in cephalochordates, tunicates and vertebrates (reviewed in Pani et al. (2012) ). Indeed, comparative studies between Lamprey and vertebrates have postulated that changes in the expression domain of Sfrp1-5 and Fz receptors may underlie the expansion of the telencephalon (Guerin et al., 2009) . The medial ganglionic eminence may have instead emerged after cyclo/gnathostome divergence as a consequence of acquisition of Shh signalling in the vertebrate subpallium (Sugahara et al., 2011) . 
Conclusion and perspectives
In the last decades, studies based on the experimental manipulations of gene activity in different vertebrate species have improved our knowledge on the mechanisms controlling forebrain patterning and development. Genomes' sequencing and evolutionary comparative analysis of noncoding regions have also defined the existence of highly specific regulatory codes that define, with exquisite details, variations in space and time of the expression of forebrain determinant genes. Comparative studies in different species are also helping to establish the impact that these variations had in the acquisition and progressive evolution of the forebrain. Still the overall picture of these events is fragmentary.
Pioneer studies in metazoans have demonstrated the enormous value that the assembly of GRN models has in understanding the dynamics of organ development. The application of similar logics should also help to successfully unravel the regulatory dynamic of more elaborated organisms, such as vertebrates. Taking advantages of the basic concepts established in metazoan and of the information available in the literature, we have designed a rudimentary backbone of the GRN that leads to vertebrate forebrain patterning. We hope that this preliminary GNR will serve as a base for future elaborations. High throughput techniques are rapidly helping to refine the current genome databases. This information combined with more sophisticated functional studies should help correct and complete this provisional forebrain GRN. Completion of this network may serve to explain forebrain evolution and the establishment of its progressively more elaborated connectivity patterns. The molecular picture of how the forebrain forms will also hopefully help to decipher the causes of the many still poorly understood pathologies linked to alterations in forebrain development. These include for example autism or schizophrenia and congenital defects of the eye such as anophthalmia or microphthalmia.
